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ABSTRACT
Rubberized half-warm mix asphalt (HWMA) is being considered as one of the
promising and sustainable solutions to the current environmental and economic crisis of
asphalt industry. A fully mechanistic characterization and performance analysis of this
mixture subjected to realistic loading and temperature conditions is necessary before its
application in a practical pavement structure. The objective of this research is to
characterize the viscoelastic properties of rubberized HWMA at different temperatures
and to develop and validate a finite element model of a tire-pavement structure.
In this research, a generalized Maxwell model is chosen to represent the time
dependent stress-strain behavior of rubberized HWMA. The dynamic modulus test results
are used to calculate the viscoelastic model parameters and the resilient modulus test
results are used to calculate the elastic modulus of the mixture. A finite element model is
developed to conduct numerical experiment of dynamic modulus test. The model
parameters are fine-tuned by comparing the finite element simulation results and the
laboratory dynamic modulus experimental results. Results show that the viscoelstic
model represents the actual rubberized HWMA behavior well in the high loading
frequency range and shows deviation in low frequency range indicating that another
model or a modification to the existing model is required to represent the behavior of
rubberized HWMA for a wide range of loading frequency. The same procedure is
followed to calibrate model parameters for neat hot mix asphalt (HMA), warm mix
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asphalt (WMA) and HWMA mixtures to compare the differences in model predictions
and to use in full scale modeling.
In addition to the material model, the mechanistic behavior of flexible pavement
under realistic loading and boundary condition requires accurate representation of the
vehicular load on the pavement. The load from the tire in this study is modeled using
both a moving distributed load and rolling tire in contact with pavement in 2- and 3dimensional simulation domains to understand the relative accuracy of various
combinations of simplified and complex modeling techniques and their central processing
unit (CPU) cost. The contact pressure and length, which are critical for accurately
predicting the pavement performance, are calibrated by matching the pressure
distribution exerted at the top of the pavement, especially for 2D simulations.
Temperature dependency of pavement materials is considered by incorporating model
parameters from low to high range temperatures. The computed longitudinal strain and
vertical stress are compared with the measured field data found in the literature. The
results show that the values computed with the viscoelastic material model in 3D
simulation domain agree well with the measured data.
Fatigue and rutting performance of rubberized and neat HWMA pavements are
evaluated using the 3D rolling tire-pavement model. Results of neat binder mix show
better fatigue resistance compared to the rubberized mixture. Similarly, the effect of layer
thickness, pavement temperature and traffic speed are also computed to gain further
insights into the applicability of various asphalt mixtures. Finally, the 3D pavementrolling tire model seems to be a promising tool for obtaining valuable information about
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mechanistic behavior of various geometric and material combinations for economical
design.
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CHAPTER 1

INTRODUCTION
1.1 Background
As economic and environmental criteria are becoming stricter and stricter day by
day, the importance of truly sustainable pavement solutions is increasing. Warm mix
asphalt (WMA) technology is a kind of solution which has been introduced in the asphalt
industry to reduce the production and paving temperature compared to conventional hot
mix asphalt (HMA). By reducing the viscosity of bitumen or increasing the workability
of mixture, some WMA technologies e.g. Half-warm mix asphalt (HWMA) can reduce
the temperature below 100o C (Punith et al. 2013). This promises various benefits over
HMA, e.g. lowering the greenhouse gas emissions, lowering energy consumption,
lowering cost and greater workability etc. Another widely accepted approach to make
asphalt pavements more sustainable is the inclusion of recycled materials. Crumb rubber
obtained from discarded tires is one of the commonly used recycled materials used in
pavement. Rubberized pavements not only provide environmental benefit of using waste
tires but also help to increase the design life of the pavement. As a result, use of
rubberized HWMA technology is being considered as a promising alternative to
traditional HMA approach (Punith et al. 2013). However, a mechanistic analysis of this
newly developed rubberized HWMA material in a pavement structure is necessary before
its application in real pavement boundary and loading conditions.
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The recent switch from a purely empirical design guide (AASHTO, 1993) to a
semi-mechanistic approach, commonly known as the Mechanistic Empirical Pavement
Design Guide (MEPDG), clearly shows the need for better understanding of the
pavement behavior under mechanical and environmental loading conditions. Although
the MEPDG is superior to the empirical guide, it still has some limitations such as, (1) the
empirical component of the MEPDG heavily relies on the quality and the quantity of the
data available for various material and loading conditions, (2) the permanent deformation
and time dependent behavior exhibited by the pavement material is not considered, and
(3) the non-uniformity of the contact vertical stress under the tire, which is critical for
pavement response analysis is also not considered (Tielking et al. 1994 and De Beer et al.
1997). Therefore, a fully mechanistic approach is adopted in this study for proper
characterization of pavement response.
The behavior of asphalt materials is strongly dependent on temperature, stress and
loading frequency (Perl et al. 1983 and Collop et al. 2003). They behave like an elastic
solid at low temperature and high loading frequency and more like a viscous fluid at high
temperature and slow loading frequency. However, at medium temperature and loading
frequencies, they exhibit both elastic stiffness and time dependent energy dissipation as
viscous fluids. Moreover, under repetitive traffic loading, asphalt materials show time
independent permanent deformation due to creep, consolidation or lateral movement of
particles. Total strain under an asphalt mix can be divided into time dependent elastic,
viscoelastic and time independent plastic, viscoplastic components. Inclusion of rubber
into the asphalt mix makes the material even more complicated with lower stiffness and
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high damping ratio. Proper characterization of an asphalt mix depends on the capability
of strain accumulation under repetitive vehicular loading.
Unlike an empirical design guide, proper assumption of contact stress distribution
between the tire and pavement is also important to predict pavement performance in a
more realistic and accurate manner. Exact distribution of these contact stresses are
complex and depend on many factors like tire type, tire structure, loading condition and
tire rolling condition (Wang et al. 2011). Only a realistic tire-pavement contact
interaction under rolling condition, used in this study, can characterize stress distribution
properly.
So, a finite element technique has been adopted in this research as a numerical
tool for mechanistic analysis of pavement structure. In this method all controlling
parameters like non-uniform loading, nonlinear and viscoelastic material model, infinite
and stiff foundation, crack propagation can be included. With the availability of high
central processing unit (CPU) and memory resources, finite element model (FEM) can
replace time consuming and cost ineffective field experimental procedures. However, a
validated finite element model can also be used as a pavement design tool under different
material and environmental conditions.
1.2 Objectives
The specific objectives of this study were:
•

Characterization of viscoelastic properties of HMA, WMA, HWMA and rubberized
HWMA materials with a generalized Maxwell viscoelastic material model.
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•

Calibration and validation of the developed material model with an axisymmetric FE
model of a cylindrical dynamic load test.

•

Development of a full scale FE pavement model in both 2D and 3D simulation
domains and validation through reference data. Both elastic and viscoelastic material
models were incorporated into the model. The load from the tire was modeled using
both moving distributed load and a rolling tire on a tire-pavement interaction surface.

•

Parametric study of the developed FE model, such as the effect of material type, layer
thickness, traffic speed and pavement temperature on fatigue performance.

1.3 Thesis outline
Previous research studies on mechanistic analysis of flexible pavement structures
are reviewed in Chapter 2. Evolution of asphalt material characterization models and its
application in numerical modeling is discussed in detail in this section. Development of
traffic load representation in FE analysis over the past decade is also included. Chapter 3
presents the validation of full scale pavement model due to realistic dynamic load
application. Material model parameters were collected from the literature and simulated
strain data was compared with reference experimental data. Chapter 4 is dedicated to the
mechanistic representation of the linear viscoelastic material model and model parameter
calibration procedure for asphalt mixtures. The Dynamic modulus test was used to
calibrate the model parameters incorporated in the FE model. A parametric study was
conducted in Chapter 5 using the full scale pavement model. The effects of layer
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thickness, pavement temperature and traffic speed are discussed in this section. Finally, a
conclusive summary of findings and future recommendations are given in Chapter 6.
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CHAPTER 2

LITERATURE REVIEW
2.1 Introduction
Almost 550 million tons of asphalt is produced each year in the United States.
The hot mix asphalt (HMA) is widely used in the asphalt industry. However, with
improving national and global economy concern, it is important to constantly develop
cost-effective and sustainable technologies to build and maintain roadways. warm mix
asphalt (WMA) is a kind of technology that allows a significant reduction of mixing and
compaction temperatures by lowering the viscosity of asphalt binder (USDOT 2005). In
practice, WMA technique, especially half-warm mix asphalt (HWMA) can reduce the
mixing temperatures to as low as 110° C. Reduced mix production and paving
temperatures would decrease the energy required to produce HMA which will result in
reduction in emissions and odors from plants, and make better working conditions at the
plant and the paving site (Romier et al. 2006).
Many studies in the past have shown that using recycled materials can often
improve a material’s performance properties and lessen the consumption of raw materials
(NAPA 2000). Ground Tire Rubber (GTR) is one of the commonly used materials which
recycles the waste tires and reduces the consumption of raw materials at the same time
improves certain performance. The use of GTR, expanded to HMA, continues to evolve
since the GTR binders enhance the performance of asphalt mixtures by increasing the
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resistance of the pavements to permanent deformation, thermal and fatigue cracking
(Hicks et al. 1995; CALTRANS 2005, Charles et al. 2001; Crockford et al. 1995) Results
show that mixing GTR with HWMA further improves the performance such as high
temperature deformation resistance and durability (Rodezno et al. 2009).
Laboratory resilient modulus test is suggested to characterize HMA mixes in the
1986 AASHTO Pavement Design Guide. Because of its limitation to identify the
mechanistic characteristics of asphalt material, NCHRP Project I-37A produced a new
2002 Design Guide for New & Rehabilitated Pavements. The design guide based on the
recommended laboratory tests focused on computing the complex modulus (E*) or the
dynamic modulus (|E*|) of compacted HMA materials, the accumulated axial strain from
a repetitive loading test (flow number) and the tertiary axial strain from a static test (flow
time). These three tests together are called simple performance tests (SPTs) for rutting
(Witczak et al. 2002). In addition, indirect tensile creep test is used to
estimate the cracking potential of the mixtures. Some laboratory wheel
tracking devices such as Asphalt Pavement Analyzer (APA) are also
developed for predicting the field condition in a small scale. The APA
test typically involves moving a loaded grooved wheel over a pressurized
rubber hose that rests on the test specimens. Independent studies
(Williams et al. 1999 and Zhang et al. 2002) have established a strong
correlation between APA results and actual field rutting. Hamburg Wheel
Tracking Device is another test similar to the APA which consists of
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oscillating wide steel wheel loaded over a compacted specimen submerged
in water.
Although the laboratory element tests and small scale laboratory
tests can provide valuable information for the design of pavements, they
still

lack

in

providing

full

scale

performance

under

realistic

mechanical and environmental loading conditions. In such situations,
full scale pavement testing facilities have been built and instrumented
to measure the performance of the pavement mixtures. It is obvious that the
full scale experimental setups can be costly and may not provide information to
characterize complete performance. In such situations, finite element models are
developed and validated to gain further insights into the mechanical behavior and to
obtain design parameters.
2.2 Numerical modeling
The accuracy of numerical modeling technique for pavement structure depends on
mainly two factors: mechanistic characterization of material model (i.e. stress-strain
relationship) and representation of pavement structure with accurate boundary and
mechanical and environmental loadings.
Mechanistic characterization of pavement materials was started with elastic
layered theory (Burmister et al. 1945) and applied on design and analysis of pavement
structure. Subsequently, various computer programs- CHEV (Warren et al. 1963),
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DAMA (Hwang et al. 1979), BISAR (De Jong et al. 1973), ELSYM5 (Kopperman et al.
1986), CIRCLY4 (Wardle et al. 1998), KENLAYER (Huang et al. 1993) were developed
based on this theory or its modification. Although the programs based on elastic theory
provided useful insights into the pavement behavior, it does not represent the realistic
system and loading conditions. With the recent developments in computer processor
technology, constitutive models and numerical algorithms, pavement engineers have
begun to utilize advanced numerical methods such as finite element method (FEM) to
understand the true mechanistic behavior of pavement under complex loading conditions.
For example, Zaghloul et al. 1993, White et al. 1997 and Elseifi et al. 2006 have
implemented Schapery’s (Schapery et al. 1993) viscoelastic model into FE analysis and
successfully predicted vehicular response.
2.3 Material model and model calibration
Although the viscoelastic model captured the time dependent behavior of the
material more accurately, the permanent deformation such as rutting and shoving were
not captured using viscoelastic material models. This led to the development of
viscoelastoplastic models to represent the pavement material more accurately to capture
time dependent and permanent deformation. An extended Dracker-Prager theory was
used by Zaman et al. (2003), Huang et al. (2001) and Saleeb et al. (2005) to model
viscoplastic creep behavior and evaluate rutting potential. A computer code APA,
basically a viscoelastoplastic material model, was developed by Saleeb et al. (2005) to
better simulate the APA cyclic load performance. Nonlinearity has been brought later by
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research community when Huang et al. (2007) and Masad et al. (2007) developed
nonlinear viscoelastic and viscoplastic constitutive models respectively. Subsequently
both models were combined into a temperature dependent nonlinear viscoelasticviscoplastic model and validated by creep recovery experimental data (Huang et al.
2011). A more advanced viscoelastic continuum damage model has been implemented
into a Finite Element package (FEP++) to predict the fatigue cracking performance of
asphalt concrete by Kim et al. (2008). The NCSU research team is currently developing a
three dimensional VEPCD FEP++ program to better predict asphalt pavement
performance.
Another approach toward the characterization of HMA became popular was
computational micromechanical models. Both finite element method (FEM) and discrete
element method (DEM) were successfully implemented into this approach by various
researchers. Papagiannakis et al. (2002), Dai et al. (2007) and Aragão et al. (2010)
incorporated FEM with laboratory tests and used a digital image analysis technique to
represent detailed microstructure characteristics of asphalt mixtures. Similarly, discrete
element method (DEM) was used to represent the microstructure of asphalt mixtures
obtained from image analysis technique in You et al. (2006, 2008).
2.4 Model domain
Dimensionality of the simulation domain is another factor commonly simplified
in the finite element modeling to save computational time. Many researchers, for
example, Lytton et al. (1993) and Hunter et al. (2007) used 2D model with plane strain
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condition to represent the simulation domain because of lower computational demand.
Thompson et al. (1982) and Nam at al. (1994) conducted simulations assuming
axisymmetric condition using ILLI-PAVE program and slab flexibility, respectively.
Recently, 3D approach has been chosen by most of the recent researchers because of its
capability to represent the pavement structure and the loading from the vehicle
realistically (Zaghloul et al. 1993; Huang et al. 2001; Yun 2007 and Al-Qadi et al. 2004).
2.5 Tire contact pressure
Similarly, realistic tire contact pressure is another important factor for accurate
prediction of pavement performance. Wang et al. (2011) and Park et al. (2005) developed
3D finite element models to investigate the influence of non-uniform tire pressure
distribution and showed high horizontal strain compared to that obtained from uniform
pressure distribution. Although most analytical studies have used only vertical contact
stress to simulate pavement response but field experiment from previous studies clearly
shows that moving wheel load induces not only vertical contact stress but also
longitudinal and transverse contact stresses as well. Al-Qadi et al. (2007) investigated the
surface tangential contact stress and showed that the computed values, especially at
shallow depth, matches well with the measured values. It is evident that these horizontal,
tangential strains are related to the frictional behavior of tire-pavement contact surface
(Wang et al. 2010). Tire-pavement contact is a transient rolling contact and only a
realistic tire-pavement contact interaction model can simulate the frictional behavior. A
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3D tire-pavement interaction model was developed by Wang et al. (2010) to analyze the
effects of internal friction on contact stress distribution.
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CHAPTER 3

NUMERICAL MODELING OF PAVEMENT RESPONSE UNDER A
ROLLING TIRE
3.1 Introduction
In this chapter, development of the FE model to investigate the mechanistic
behavior of pavement structure subjected to dynamic vehicular load is presented. A
number of parametric studies are also conducted to understand the effect of elastic and
viscoelastic material models in 2- and 3-dimentional space with a moving distributed load
and a rolling tire in contact with pavement.
3.2 Problem description and modeling procedure
Modeling pavement section
A pavement section with 5,000 mm length, 1122 mm width and 803 mm height
was used in this study. The width and the height of the pavement were selected from AlQadi et al. (2004) and the results of this study were later compared with the results
presented in this reference. On the other hand, the length of the pavement section was
selected by conducting a parametric study to reduce the boundary effect on the computed
results, especially for the rolling tire loading case. The longitudinal section of the
pavement was considered for the 2D analysis (length = 5000 mm and height = 803mm).
The 3D section is shown in Figure 3.1 below.
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Figure 3.1: Dimensions of developed pavement model in 3D simulation domain
The transverse section shown in Figure 3.2 (Al-Qadi et al. 2004) is a typical
interstate highway section for Virgina Smart Road with six different layers used by
Virginia Tech Transportation Institute (VTTI). Although the top three layers are made of
asphalt, the material properties vary (Al-Qadi et al. 2004). The finite element mesh for
2D analysis was created using four-node bilinear plane strain reduced integration
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elements (CPE4R) and for 3D using eight-node linear brick elements with reduced
numerical integration technique (C3D8R).

Surface mix (SM-38 mm)
Base mix (BM-150 mm)
Asphalt treated drainage layer (OGDL-75 mm)
Cement stabilized base layer (21A-150 mm)

Aggregate subbase layer (21B-175 mm)

Subgrade(305 mm)

Figure 3.2: Layer property and thickness of each pavement layer
The prediction of the performance of the top layers of interest depends on the
representation of the inter layer behaviors of all the layers including the subgrade. One
may use rigid contact between layers with appropriate material properties for each layer.
However, Al-Qadi et al. (2002) showed that considering each layer in contact with the
neighboring layers provided better results. Hence, in this study also similar approach is
used utilizing the surface-to-surface contact modeling feature available in ABAQUS. The
interface shear behavior is represented by Coulomb’s friction law. A friction coefficient
of 1.0 was used for each interface. For the simulation, the bottom boundary was fixed in
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all directions and the tire load was applied at the top. The horizontal boundaries (back,
front, left and right) were modeled using infinite elements (CINPE4 for 2D and CIN3D8
for 3D) to nullify edge effect errors.
Modeling load
Physically, traffic load acts as a moving dynamic load on a pavement. To simulate
the movement of traffic load, a dynamic implicit (quasi-static application) approach was
adopted in this study. The advantage of quasi static application is that it does not account
for inertia effect and has a better convergence rate. According to Monismith et al. (1988)
this is an acceptable approximation for flexible pavements. As mentioned before, the load
on the pavement due to a tire was considered in two ways: (1) distributed moving load,
and (2) rolling tire at design velocity. Although the moving distributed load does not
represent realistic loading condition, it was considered in this study because of its
simplicity and low computational demand and also for comparison purpose. A wide base
tire (445/50R22.5) was considered in this study as a vehicular load in both the cases.
Distributed moving load
Based on the tire footprint shape and pressure distribution provided by the
manufacturer, the tire loading area was modeled by Al-Qadi et al. (2004). Figure 3.3
shows the modeled contact area and pressure distribution for a 445/50R22.5 tire collected
from the reference.
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Figure 3.3: Modeled contact area and transverse pressure distribution
Three dimensional simulation domains in this study allowed for the exact shape of
contact area shown in Figure 3.3. However, in the case of the 2D model, the contact
length and pressure distribution under the center tread was the only concern. A line load
of maximum 947 kPa along 200 mm contact length in the longitudinal direction was
applied in 2D model. The calibrated contact pressure-contact length distribution is shown
in Figure 3.4. Similarly, an extruded half sine distribution of contact pressure was applied
under each tire tread for 3D model.
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Figure 3.4: Longitudinal vertical pressure distribution
To simulate the movement of the tire loading, the loading line (for 2D model) or
loading area (for 3D model) was gradually shifted in the direction of traffic. The load
time in each loading position was determined by dividing the loading length by tire
speed. In this study, the tire speed was considered as 8 km/h according to the reference
and as a result, loading was kept constant for 0.09 sec (200mm/8 km/h) in each loading
position. Load-time amplitude variation between these loading time was represented by a
haversine distribution, defined in ABAQUS by a smooth step function. Figure 3.5
illustrates the load amplitude distribution for a single position. In total 26 increments
(positions of the tire) were used to achieve one full passage of the load. The clearance
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between each two increments was 40 mm or 0.018 sec. No loading was applied during
these clearance times.
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Figure 3.5: Load amplitude-time function for a 445/50R 22.5 tire configuration
Rolling tire load
For the application of load using a rolling tire, a 445/50R22.5 tire was modeled at
first. Figure 3.6 illustrates the layout and dimensions of developed tire model. According
to the tire designation code, the sidewall height was selected as 222.5 mm (445 X 0.50).
Out of which tire tread thickness was considered 18 mm (Wang et al. 2012) and belt
thickness as 20 mm. Because of simplicity and the free rolling tire condition, no inflation
pressure applicability was considered and as a result the tire model did not have side wall
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and radial ply section. An inflated air zone was placed in between belt and tread material
for contact stress-length calibration. The length of 3 spoke in Figure 3.6a was selected as
285.75 mm (22.5 X 25.4), decimal number in inches in the designation code. In the case
of the 3D tire model, only the width of the tire was selected additionally as 320 mm (Al-

285.75
mm

R=508.25 mm

Qadi et al. 2004).

Tread thickness=18 mm
Belt thickness=60 mm
Air Equivalent zone thickness=144.5 mm

(a)

(b)

Figure 3.6: Layout and dimension of (a) 2D and (b) 3D tire model
The application of loading was accomplished by a concentrated point load and a
line load for the 2D and 3D models, respectively, at the center of tire without any air
inflation pressure.
An Angular velocity boundary condition was applied to the tire to maintain a
linear velocity of 8 km/h in the tire-pavement interaction path. At first, the velocity was
increased from 0 to 8 km/h for the first 1.0 sec and then a constant velocity was
maintained throughout the path. The velocity incremental time period was allowed to
avoid any numerical stability issues and slip phenomena.
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Because of the importance of considering the tire-pavement contact area-pressure
distribution and frictional effect at the interface, a tire-pavement interaction model was
applied at the interface followed by contact area-pressure calibration. Details about tirepavement interaction modeling and area-pressure calibration are discussed later.
3.3 Material model and model parameters
Both elastic and viscoelastic material models were used in this study to
characterize the response of pavement layers. All material model parameters were
collected from Al-Qadi et al. (2004) and used in this study to validate the FE model
response. Elastic constitutive material was used to characterize base, subbase and
subgrade layers. On the other hand, both elastic and viscoelastic models were used to
characterize the asphalt layers (SM and BM) response. The elastic properties of HMA
(Modulus of elasticity and Poison’s ratio) were calculated from resilient modulus test
results. Table 3-1 summarizes measured moduli and Poison’s ratio for HMA layers
collected from the work of Al-Qadi et al. (2004). Temperature dependency was
considered for elastic material model.
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Table 3-1: Laboratory measured resilient modulus (MPa) and Poisson’s ratios for asphalt
layers (Al-Qadi et al. 2004)
Temperature = 50C
Mix

Resilient

type

modulus

Temperature = 250C

Temperature = 400C

Resilient

Resilient

Poisson’s

Poisson’s
modulus

ratio
(MPa)

Poisson’s
modulus

ratio
(MPa)

ratio
(MPa)

SM

9155

0.22

4230

0.33

1905

0.36

BM

8930

0.23

4750

0.30

1790

0.35

OGDL

4830

0.23

2415

0.30

965

0.35

In the case of the viscoelastic material model, parameters were collected from AlQadi et al. (2004, 2007). Viscoelastic properties of surface mix and base mix materials
were obtained from indirect creep compliance test. The test was conducted at three
different temperatures 5, 25 and 400C and one smooth master curve was established at a
reference temperature of 250 C. Table 3-2 summarizes the data collected from Al-Qadi et
al. (2004) for SM and BM layers.
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Table 3-2: Prony series fitting parameters of creep compliance test at a temperature of
250 C for surface mixture and base mixture (AL-Qadi et al. 2004)
Surface mixture

Base mixture

N
Di

Di

τi

τi

0

-1.18x10-11

3.91x10-11

1

3.46x10-11

1x10-02 -1.27x10-11

1x10-02

2

5.74x10-13

1x10-01

1.36x10-10

1x10-01

3

2.28x10-10

1x1000

1.62x10-10

1x1000

4

-1.60x10-11

1x1001

1.12x10-09

1x1001

5

2.42x10-09

1x1002

1.69x10-09

1x1002

6

-2.90x10-09

1x1003

9.60x10-09

1x1003

7

2.26x10-08

1x1004

1.13x10-08

1x1004

8

3.37x10-08

1x1005

-1.27x10-09

1x1005

9

7.24x10-08

1x1006

10

-3.4x10-07

1x1007

The above data were tabulated by means of Prony series constants for the
viscoelastic model. Normalized shear and bulk relaxation modulus values were calculated
from creep compliance data in Table 3-2. Table 3-3 summarizes the data compiled from
Al-Qadi et al. (2007) as normalized relaxation modulus vs relaxation time data which
were used in the numerical simulation.
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Table 3-3: Relaxation modulus data for surface mixture and base mixture at 250 C
temperature (Al-Qadi et al. 2007)
Surface Mixture

Base Mixture

τ
gR

kR

gR

kR

0.6499

0.64956

1.00E-02

0.77465 0.77471

1.00E-01

0.16498 0.16493 0.22492 0.22515

1.00E+00 0.03979 0.03975 0.08519 0.08537
1.00E+01 0.01383 0.01382 0.02465 0.02465
1.00E+02 0.00274 0.00273 0.01071 0.01073
1.00E+03 0.00171 0.00171 0.00179 0.00179
1.00E+04 0.00204 0.00204 0.00073 0.00073
1.00E+05 0.00002 0.00002
1.00E+06 0.00001 0.00001

g R = Normalized shear relaxation modulus
k R = Normalized bulk relaxation modulus

τ i = Relaxation time in sec
While two different constitutive models were evaluated for HMA layers, an
elastic constitutive model was used for granular and subgrade layers in both cases.
Resilient modulus and Poisson’s ratio of subsequent layers were calculated by a nondestructive falling weight deflectometer (FED) test.
Again, the data shown in Table 3-4 was collected from Al-Qadi et al. (2004)
which represent the back-calculated pavement modulus of the base, subbase and subgrade
layers. No temperature dependency was considered for granular and subgrade layers.
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Table 3-4: Backcalculated pavement modulus and Poisson’s ratios (Al-Qadi et al. 2004)
Modulus

Poisson’s

(MPa)

ratio

Cement-treated base (21-A)

11000

0.25

Granular subbase (21-B)

310

0.35

Subgrade

262

0.35

Layer

Elastic material properties were considered for each tire material. Table 3-5 shown below
represents the material property of each tire component, collected from Wang et al.
(2011).
Table 3-5: Material property of tire components (Wang et al. 2011)
Tire component

Elastic modulus

Poisson’s

Density

(MPa)

ratio

(kg/m3)

Material

Tread

Rubber

4.00

0.49

1100

Air Equivalent

Air

3.50

0.495

2.60

Belt

Steel

170000

0.30

5900

Rim

Steel

170000

0.30

5900

3.4 Modeling tire-pavement contact and calibration
Tire-pavement interaction is important for pavement design because the actual
distribution of contact stress transmits to the pavement surface through it. Tire pavement
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interaction is basically a transient contact problem. It is very difficult to simulate tirepavement contact because of several reasons such as transient contact condition, large tire
deformation, nonlinear material properties of pavement layers and the intricate structure
of the tire and nonlinear frictional interface (Laursen et al. 2006).
Tire-pavement interaction is usually studied by assuming a deformable tire on a
rigid surface. Roque et al. (2000) used a simple strip model to simulate the tire and
predicted contact stress distribution on a rigid pavement foundation. A low profile radial
smooth tire was applied on a rigid pavement surface by Meng (2002). On the other hand,
the assumption of fully rigid wheel has been extensively used in vehicle-terrain interaction in
the field of terramechanics. Coupled tire-terrain interaction was simulated by Shoop (2001).
He analyzed the plastic deformation of soft soil using an Arbitrary Lagrangian Eulerian
(ALE) adaptive mesh formulation. Hambleton et al. (2007) predicted the load-penetration
relationships using a steady-state rolling of rigid cylindrical wheels on cohesive soils. Wang
(2011) simulated rolling tire-pavement interaction using steady state transport analysis in
ABAQUS. An arbitrary Lagrangian Eulerian (ALE) formulation was used to describe the
rotation and deformation. The interaction was analyzed due to the application of an airinflated ribbed tire over a non-deformable flat surface. But as the main purpose of this study

was the pavement performance evaluation due to realistic contact area and pressure
calibration, a tire-pavement interaction for two deformable solid contact mechanics
approach was adopted.
In ABAQUS/STANDARD three types of interaction are available for deformable
bodies. These are General contact, Surface-to-surface contact and Self contact. A surfaceto-surface contact was applied to make the contact only between the tire outer surface and
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the pavement top surface. Contact pair also needed to be defined in a contact model
(master and slave surface). The master surface is normally the more rigid surface and the
nodes of the slave surface are prohibited to penetrate into the master surface. Two
discretization approaches are also available: node-to-surface and surface-to-surface. The
discrepancies between these two methods decrease with mesh refinement. The surface-tosurface discretization method was used in this study with the pavement as the master
surface.
The contact status of two surfaces is governed by transmission of contact forces
(normal and tangential) and relative separation/sliding between two nodes in contact.
There can be three possible conditions for the nodes in the interface: stick, slip and
separation. For the first two conditions, nodes remain in contact and both the forces are
transmitted through the modes. But no force transmission happens when the nodes are in
separation. A hard contact was applied to define a proportional relationship between
pressure and over closure. Several constraint enforcement methods are available in
ABAQUS to define the non-penetration of nodes in hard contact e.g. Penalty, Augmented
Lagrande and Direct. On the other hand, maximum tangential force is limited through
frictional resistance between the surfaces. Both non-penetration in normal direction and
friction formulation in tangential direction were enforced through the Penalty method.
Penalty frictional interaction has been formulated by Coulomb’s law of friction.
However, a frictional coefficient of 0.5 was applied in this case to simulate the field tirepavement contact.
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Tire-pavement contact length-pressure calibration for 2D modeling
Exact tire contact length and pressure distribution is necessary to simulate the
pavement response due to vehicular loading. As shown in Figure 3.4, the contact length
of the center tread was modeled as 200 mm and the maximum pressure 947 kPa. So, a
calibration study of contact length and pressure was done for the rolling tire-pavement
interaction model to simulate the physical pressure shape under the center tread. As the
sidewall, shoulder and radial ply components of the tire were not modeled and inflation
pressure was not applied. The property of equivalent air zone and load magnitude was
fine-tuned to obtain an accurate contact pressure-length distribution. The parameters
mainly studied were: modulus of elasticity, Poisson’s ratio and load magnitude.
Effect of modulus of elasticity
Figure 3.7 illustrates the tire-pavement contact stress vs contact length variation
for different modulus of elasticity (E) of the air equivalent zone. Other parameters such
as Poison’s ratio (0.495) and concentrated load (150 N) were kept constant while varying
modulus values.
It shows that with an increase of modulus of elasticity (E) of the air equivalent
zone, contact stress between the pavement and tire increases and contact length
decreases. For the 4.5 MPa modulus value, contact length is 240 mm where for 20 MPa,
the length decreases to 160 mm. At the same time, contact stresses vary from 830 kPa to
1220 kPa for increasing E from 4.5 MPa to 20 MPa. So, other parameters need to be
calibrated to get the target contact length of 200mm and contact stress 947KPa.
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Figure 3.7: Contact pressure vs contact length calibration plot with respect to the
modulus of elasticity (E) of air equivalent zone
Effect of poisson’s ratio
Similarly, the effect of the Poisson’s ratio (υ) of the equivalent air zone on contact
pressure vs contact length variation is shown in Figure 3.8. The whole study was done for
a constant modulus of elasticity of 20 MPa and load magnitude of 150 N.
The change of Poisson’s ratio in the air equivalent zone does not have any
significant effect on contact length. Similarly, contact pressure remains almost same for
various Poisson’s ratios.
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Figure 3.8: Contact pressure vs contact length calibration plot with respect to
Poisson’s ratio (υ) of air equivalent zone
Effect of load magnitude
Tire loading has a proportional effect on both contact stress and length. Figure 3.9
is plotted for a modulus of elasticity of 4.5 MPa and a Poisson’s ratio of 0.495 of the air
equivalent zone.
In Figure 3.9, both contact length and pressure gradually decrease with reduction
of load. But the reduction rate of length is relatively high compared to pressure. Spatially
from 150 N to 130 N, the contact pressure is almost the same but the length changes from
240mm to 200mm.
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Figure 3.9: Contact pressure vs contact length calibration plot with respect to
load magnitude
Finally, on the basis of the parametric plots discussed above, it was decided that
130 N load, 4.5 MPa modulus of elasticity and 0.495 Poisson’s ratio of air equivalent
zone simulated the target contact pressure and length well.
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3.5 Results and Discussion
Mesh sensitivity analysis
Selection of element dimension is very critical, because it directly affects the level
of accuracy in FE model. To ensure the accuracy of the developed models, convergence
criteria were considered according to Al-Qadi et al. (2004). Bathe’s criterion states that
an FE mesh is sufficiently fine when jumps in stresses across inter-element boundaries
become negligible (Bathe1982).
The element dimensions of pavement along X-axis and Z-axis were selected very
carefully so that no jump occurs across inter-element boundaries within same vertical
line. Likewise, sensitivity analysis of mesh size along Y axis was also done which is
presented by Table 3-6. No jump for vertical stress should occur at the interface between
layers in a continuous model. So the magnitude of jump in vertical stress at interfaces
was considered as an evaluation criteria of the accuracy of the model. Table 3-6
represents the jump in vertical stress for 3D rolling tire case at the surface mix-base mix
interface, most critical interface because of being closest to the load.

32

Table 3-6: Mesh sensitivity analysis for 3D simulation domain
Element Thickness
Case ID

Jump at interface
No. of nodes

No. of elements

(mm)

(kPa)

A

38

517,428

128,748

70.8

B

19

636,678

166,968

36.2

C

10

875,178

243,408

17.6

D

5

1352,178

396,286

7.9

Mesh element thickness has shown significant effect on the continuity of stresses
at the interface. Only mesh element thickness of 10 mm or smaller shows maximum level
of accuracy, 25 kPa jumps which is under 5% of applied pressure. Similarly, mesh
sensitivity study for jump in vertical stress was done for 2D simulation domain and 10
mm element thickness had shown allowable accuracy. However, a mesh element size of
20 mm X 16 mm X 10 mm was chosen for all 3D pavement models and 20 mm X 10 mm
for 2D simulations.
Stress and displacement contours
Stress and displacement contours from the simulated 3D pavement rolling-tire
model are presented in the figures below. Figure 3.10 shows the vertical stress contour
due to the application of a rolling tire on the pavement surface plane at two different
places.
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(a)

(b)
Figure 3.10: Vertical stress contour shape at the pavement top surface due to tire
load application after (a) 0.018 sec and (b) 0.144 sec
Figure 3.10 clearly shows the movement of vertical stress shape in longitudinal
direction. The shape of the pressure distribution exactly resembles the manufactured
shape collected from Al Qadi et aal. (2004).
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Similarly, Figures 3.11 and 3.12 show the vertical stress and displacements
displacement
contour shapes, respectively
respectively, in the vertical direction of the pavement for the loading
point shown in Figure 3.10.

(a)

(b)
Figure 3.11: Vertical stress contour sshape
hape at the vertical direction of the
pavement due to tire load application after (a) 0.018 sec and (b) 0.144 sec
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A pressure
ure bulb was developed in the vertical direction of the pavement from the
tire contact surface. From Figure 3.11 it can be seen that maximum stress was exerted at
the top surface of the SM layer. The magnitude of stress decreased with depth of
pavement but the influence area became wider.

(a)

(b)
Figure 3.12: Vertical displacement contour shape at the vertical direction of the
pavement due to tire load application after (a) 0.018 sec and (b) 0.144 sec
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The vertical displacement contour shape shown in Figure 3.12 looks similar to
that of vertical stress. Maximum displacement occurred at the top surface and the
magnitude of displacement decreased with depth.
Validation
Experimental and 3D simulated vertical stresses at the bottom of the surface mix
and longitudinal strains at the bottom of the base mix were collected from Al-Qadi et al.
(2004) and compared with that computed from the models in this study.
The results show that viscoelastic material models in the 3D simulation domain
agree well with the experimental results. Figures 3.13a & b compare the measured and
simulated vertical stresses and longitudinal strains. Maximum vertical stress under the
surface mix layer was measured as 710 kPa, lower than the simulated distributed loading
and rolling tire results of 805 kPa and 811 kPa, respectively. Similarly, measured
maximum longitudinal strain shows higher value than the simulated result for distributed
loading case but lesser value than rolling tire case. Table 3-7 summarizes the percentage
of error regarding vertical stress and longitudinal strain.
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Figure 3.13: Simulated (a) Vertical stress distribution at the bottom of the SM
layer and (b) Longitudinal strain distribution at the bottom of BM layer for 3D
viscoelastic material models
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Table 3-7: Calculated % error for all simulation types with respect to longitudinal strain
and vertical stress results

Viscoelastic

Elastic

Simulation type

Strain

Stress

Al-Qadi et al. 2004

33.23

33.5

2D Moving Distributed load

8.14

29.95

2D Rolling tire

47.16

30.42

3D Moving Distributed load

33.29

9.5

3D Rolling tire

27.1

17.22

Al-Qadi et al. 2004

9.76

9.8

2D pressure

21.7

30.1

2D Rolling tire

22.4

30.84

3D Moving Distributed load

13.3

6.25

3D Rolling tire

14

14.5

In the case of 3D viscoelastic models, error percentage is less than 15%, which
validates the finite element simulations. Locations of compression and tension zones and
strain relaxation response are also in good agreement with the measured response in
Figure 3.13b.
Effect of material model: Elastic vs Viscoelastic
A comparative study was done to represent the effect of the constitutive material
model on the pavement response due to a moving traffic load. Figure 3.14 shows the
measured and simulated longitudinal strain plot at the bottom of the base mix layer for
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elastic and viscoelastic pavement material models in the 3D domain due to a rolling tire
application. It can be seen that the elastic FE model poorly predicts maximum
longitudinal strain; the maximum measured value is 96 microstrain but 70 microstrain for
the elastic model.
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Figure 3.14: Comparison of longitudinal strains varying elastic and viscoelastic
material model with 3D simulation domain for rolling tire case
The percentage error is calculated in Table 3-7 and judged too high for predicting
pavement damage. On the other hand, the simulated maximum strain value for
viscoelastic material model is 91 microstrain at en error of less than 15 percent. Another
advantage of the developed viscoelastic model is that it successfully simulated the time
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delay or strain relaxation response which the elastic model cannot produce. It is indicated
by the discrepancy between the starting and end point of tension zone.
Effect of simulation domain: 2D vs 3D
Similarly Figure 3.15 represents the difference in simulated longitudinal strain
response due to the viscoelastic material model in 2D and 3D domain. The peak strain
value of the 2D rolling tire case is plotted as 170 microstrain where 3D simulation
produces 110 microstrain.
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Figure 3.15: Comparison of longitudinal strains computed using 2D and 3D
simulation domains with viscoelastic material model for rolling tire case
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It is evident that the 2D model predicts the strain response very poorly and can be
considered inappropriate to evaluate pavement response. Because the plane strain 2D
model does not account for strains in the transverse direction, it cannot simulate the
actual traffic loadings perfectly. Eventually, it develops a higher strain in the longitudinal
direction for same amount of vertical stress. In terms of curve shapes, measured strain
plot span is shorter than simulated 2D plot.
Effect of vehicular load representation: Moving distributed load vs rolling tire
Figure 3.16 shows the comparison strain plots between moving a distributed load
case and a rolling tire case for viscoelastic material model in the 3D simulation domain.
Both the plots match well with the measured results. But the longitudinal strain value of
the rolling tire is slightly higher than the moving distributed load.
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Figure 3.16: Comparison of longitudinal strains computed using moving
distributed and rolling tire load application case with viscoelastic material model in 3D
simulation domain
Because the same pressure distribution and tire speed was maintained for each
loading case, the only difference identified is the effect of friction in the longitudinal
direction due to tire-pavement interaction for the rolling tire case.
3.6 Summary
Pavement distress due to vehicular loading is the main focus of this chapter.
Based on the result of this study, it has been concluded that the 3D full scale pavementtire model can successfully simulate the realistic loading condition and pavement
deformation can be predicted using the generalized viscoelastic material model. This
indicates the importance of accurate representation of tire-pavement contact stress
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distribution for the prediction of pavement response. Results of the finite element model
were validated against the experimental data and the validated model can be used as a
tool for predicting the performance of various geometric and material combinations of
asphalt mixtures.
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CHAPTER 4

VISCOELASTIC MODELING OF RUBBERIZED HALF-WARM
MIX ASPHALT AND PERFORMANCE EVALUATION FROM
FULL SCALE PAVEMENT SIMULATION
4.1 Introduction
Likewise HMA not many research efforts have been made to characterize the
mechanistic response of HWMA under repetitive traffic loading. In spite of using
alternate HWMA technology and addition of rubber into the mixture, a similar
viscoelastic constitutive material model was used in this study and incorporated into the
FEM to predict the mixture response. Two different HWMA materials (neat binder and
rubberized binder) were calibrated in this study and validated by Asphalt Mixture
Performance Tester (AMPT) laboratory test data. Similarly, FEM simulation of dynamic
modulus tests were done for three other HMA, WMA and HWMA mixtures (without
rubber) of same air void content to compare the predicted percentage of error with
experimental test data. Finally, calibrated model parameters were incorporated into a full
scale pavement model to compare the effect of the rubberized mixture on rutting and
fatigue performance of the pavement due to realistic vehicular loading.
4.2 Mechanical representation of Linear Viscoelastic theory
The stress-strain behavior of viscoelastic materials can be predicted by the
behavior of a mechanical model consisting of an elastic spring element and viscous
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dashpot elements. Different mechanical models have been developed from these two
elements to represent the viscoelastic response of an asphalt mixture. The Maxwell and
Kelvin models are two most common models used to simulate linear viscoelastic
behavior. In the first model, one spring is combined with one dashpot in series and the
second model combines them in parallel. A relaxation modulus (E) is specified for the
spring element and a frictional resistance ( η ) is assigned for the dashpot.

Elastic spring

η

E

E
Elastic spring

η

Dashpot

(a)

Dashpot

(b)

Figure 4.1: Representation of viscoelastic model using spring and dashpot (a)
Maxwell model (serial arrangement); (b) Kelvin model (parallel arrangement)
Later, two more complicated mechanical models named the Generalized Maxwell
model and the Generalized Kelvin model were developed out of these two simple models
to simulate the behavior of asphalt materials. Generalized Maxwell model, which was
introduced by Park et al. (1999), is comprised of a spring and j maxwell elements
connected in parallel. The setup of a typical Generalized Maxwell model is shown in
Figure 4.2
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σ

Ej
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E2

τ1

τ2

Ee

τj

σ
Figure 4.2: Arrangements of springs and dashpots for the Generalized Maxwell
model
Because of this setup, when the model is subjected to a constant strain, stresses on
each dashpot element develop or relax exponentially. So, the mathematical equation of
the relaxation modulus for pair j is expressed as
E j (t ) = E j e

− tE j /η j

= E je

− t /τ j

(4.1)
where time constant, τ j is defined as η j / E j and the total relaxation modulus for the
model is represented by,
j

E (t ) = ∑ Ei e − t /τ i

(4.2)
When the time approaches infinity to express the equilibrium deformation state, a single
i =1

spring is added to Maxwell pairs in parallel as shown in Figure 4.2. At last, the
expression of relaxation modulus for a Generalized Maxwell becomes,
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j

E(t ) = Ee + ∑ Ei e − t /τ i

(4.3)
i =1
where, E e =equilibrium relaxation modulus. Mathematically the above equation can also
be written as
j

E(t ) = E0 − ∑ Ei (1 −e − t /τ i )

(4.4)
where, E0 = initial or instantaneous relaxation modulus and the relationship between E e
i =1

and E0 can be expressed as,
j

Ee = E0 − ∑ Ei

(4.5)

i =1

4.3 Model parameter calibration
Typically, two types of laboratory tests are performed to calculate the viscoelastic
parameters of the Generalized Maxwell model. In this study, the dynamic modulus test
was conducted to measure the dynamic modulus of a mixture and used in the calibration
process.
Laboratory test
Dynamic modulus tests for different asphalt mixtures were conducted using the
AMPT from Asphalt Rubber Technology service at Clemson University. Before
describing the detailed laboratory test procedure, a clear definition of complex modulus,
dynamic modulus and phase angle are given below with respect to the applied stress and
measured strain.
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Complex modulus is the ratio of the amplitude of the sinusoidal stress at any
given time to the sinusoidal strain at the same time and frequency. Dynamic modulus is
the absolute value of the complex modulus, which is expressed by the ratio of peak stress
to peak strain. The time lag between a sinusoidal stress and sinusoidal strain plot is called
the phase angle. The above definitions are graphically represented in Figure 4.3.

φ/ω

ε 0sin 2 (ωt-φ/2)

σ 0sin 2 (ωt/2)

σ0

ε0

σ 0sin 2 (ωt/2)
Figure 4.3: Typical dynamic modulus test stress and strain curve
where, σ 0 = peak stress, ε 0 = peak strain, ω = angular velocity, ϕ =phase angle, t = time
The resulting strain ε (t ) = ε 0 sin 2 ((ω t − φ ) / 2) is developed due to the applied
haversine stress σ (t ) = σ 0 sin 2 (ω t / 2)

on the asphalt specimen. A time lag of ϕ / ω

exists between the applied stress and the resulting strain curve. According to the
definition,

49

Complex modulus, K * =

σ 0 sin 2 (ωt / 2)
σ 0eiωt
=
ε 0 sin 2 ((ωt − φ ) / 2) ε 0ei (ωt −ϕ )

Dynamic modulus, K * =

σ0
ε0

Phase angle = ϕ
Because of representation of complex modulus with complex number, it can also be
expressed as,
K* =

σ0
σ
cos ϕ + 0 sin ϕ
ε0
ε0

(4.6)
σ0
where, k ′ = cos ϕ is the storage modulus which represents the elastic portion and
ε0

k ′′ =

σ0
sin ϕ is the loss modulus representing the viscous portion of a viscoelastic
ε0

material. For a purely elastic material, ϕ =0 and for a viscous fluid ϕ =900. So, the
dynamic modulus accounts for both elastic and viscous properties of a material. A
conversion method was followed in a later section to calculate the relaxation modulus
from the dynamic modulus.
Two replicate dynamic modulus specimens for each half-warm mix asphalt
mixture - neat (PG 64-22) binder mix and laboratory blended rubberized binder (PG 6422+10% CR(#40 mesh)) were prepared in the laboratory. As per South Carolina
Department of Transportation (SCDOT) requirements for WMA mixtures, 1% hydrated
lime (by weight of dry aggregate) was used for all the mixtures as an anti-stripping agent.
Gradation and engineering properties of coarse and fine aggregates in the mixture used in
this experiment are shown in Punith et al. (2013).
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Specimen preparation
Each specimen was prepared following the procedure described in AASHTO
TP62 and the draft specification provided in NCHRP report 614. The Superpave
Gyratory Compactor (SGC) was used to compact the mixtures to 7 ± 1% air voids. After
the specimens were compacted and allowed to cool, they were then cored to obtain 100
mm diameter cylinder. A water cooled saw was used to cut the ends of each specimen to
a final height of 150 mm. Before testing, all samples were checked with AASTHO T-269
specification for air void content.
Test configuration
An AMPT apparatus manufactured by IPC Global of Australia was used to
perform the test. It is a digital servo-hydraulic control testing machine equipped with a
continuous electronic control and data acquisition system. The dynamic modulus test is a
strain controlled test and a continuous haversine axial compressive load was applied on
specimen by the AMPT.
Three radially mounted linear variable displacement transducers (LVDTs) were
used to measure the sinusoidal axial strain. Test specimens were placed into the AMPT
device with no confining pressure at temperatures of 40C, 21.10C and 37.80C with loading
frequencies of 25 Hz, 10 Hz, 5 Hz, 1 Hz, 0.1 Hz and 0.01 Hz. An environmental chamber
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as shown in Figure 4.4 was placed around the specimen to control the test at the desired
temperature with precision of ± 0.20C.

Figure 4.4: AMPT apparatus used for the dynamic modulus test
After conditioning, a contact load equal to five percent (5%) of the amplitude of
the dynamic load was applied to the specimen. The dynamic load was adjusted to obtain
recoverable axial strain between 85 to 115 microstrains so that the material would remain
in the viscoelastic range. Before application of the exact dynamic load, the specimen was
preconditioned with 10 cycles at each frequency. Finally, the resultant recoverable axial
strain was calculated electronically for the following 10 full cycles of dynamic load.
Strain history time data were extracted from all three LVDTs. Sample stress history time
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and average strain history time plots for both 25 Hz frequency and 0.1 Hz frequency
loading are shown in Figure 4.5.
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Figure 4.5: Measured stress-time and strain-time history plot for (a) 25 Hz
frequency and (b) 0.1 Hz frequency loading
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Figure 4.5 clearly depicts almost the same magnitude of recoverable strain
response for both loading frequencies. But the dynamic stress required for 25 Hz
frequency was 310 kPa while 50 kPa for 0.1 Hz loading. This explains the time
dependent viscous behavior of the asphalt mixture. Figure 4.6 shows the stress-strain
curves for same 25 Hz and 0.1 Hz frequency loading. The slope of the 25 Hz loading
curve is steeper than the 0.1 Hz loading which indicates higher percentage of viscous
strain for 0.1 Hz frequency loading than for 25 Hz frequency.
280
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200
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0
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Axial Microstrain (mm/mm)
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Figure 4.6: Measured stress-strain plot for 25 Hz and 0.1 Hz frequency loading
From the acquired data, dynamic modulus values were calculated and the results
of dynamic modulus tests for neat binder mixture are presented in Table 4-1.
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o
Table 4-1: Laboratory measured dynamic modulus ( K * ) and Phase angle ϕ ( ) for
Neat PG 64-22 mix

40 C
f (Hz)

|K*|

21.10C

ϕ (o )

(MPa)

|K*|

37.80C

ϕ (o )

(MPa)

|K*|

ϕ (o )

(MPa)

25

13912

11.52

6642

23.03

2422

33.12

10

12424

12.74

5382

24.74

1822

32.78

5

11299

13.87

4532

25.98

1434

32.12

1

8793

17.02

2885

29.22

751

31.99

0.1

5620

22.62

1364

31.6

316.1

30.25

0.01

3380

26.92

627

30

157.3

27.03

Conversion of relaxation modulus from dynamic modulus
An approximation method proposed by Schapery et al. (1999) was followed to
convert the dynamic modulus into relaxation modulus. The dynamic modulus in the
frequency domain was converted to the relaxation modulus in the time domain.
•

The storage modulus, k ′( f ) was calculated based on the dynamic modulus
k • and the phase angle, ϕ , by the relationship k ′( f ) = k • cos ϕ

•

log k ′( f ) vs log(f) curve was plotted and the slope, n of that curve was
estimated at each frequency by the relationship n = d log(k ′( f )) / d log( f )
. A polynomial trend line equation was developed for the log k ′( f ) vs
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log(f) curve and first derivative of that trend line equation represented the
equation of the slope at each frequency. Finally, the value of n was
calculated by inputting the measured frequency value in that equation.
•

The adjustment function λ ′ = Γ(1 − n) cos(nπ / 2) was calculated where

Γ(1 − n) is the gamma function.
•

Finally, Relaxation modulus

E (t ) = k ′( f ) / λ ′ was calculated, where

t = 1/ f .
The calculated relaxation moduli for neat binder mixtures are presented in Table 4-2 for
all frequencies and temperatures.
Table 4-2: Relaxation modulus for neat PG 64-22 mix
E(t) (MPa)
t (sec)
40 C

21.10C

37.80C

0.04

12754

5475

1825

0.1

11278

4306

1328

0.2

10148

3553

1033

1

7647

2159

543

10

4623

988

243

100

2688

466

129
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Master curve of relaxation modulus
Because the linear viscoelastic model is thermorheologically-simple by nature,
effects of temperature, θ , on material behavior can be introduced through a shift function.
The relaxation modulus at a particular test temperature and test time was expressed in this
study by a master curve of reference temperature and reduced time.
E (ξ (t ), θ 0 ) = E (t , θ )

(4.7)

where, E (ξ (t ), θ 0 ) = relaxation modulus at reduced time and reference temperature;

E (t , θ ) = relaxation modulus at test time and test temperature. The Williams-LandellFerry (WLF) form is approximated in ABAQUS to represent the shift function as shown
below.
log10 ( A) = −

C1 (θ − θ 0 )
C 2 + (θ − θ 0 )

(4.8)

where, A = time-temperature shift function at the reference temperature; C1,C2 =
calibration constants which depend on the reference temperature.
To get the value of calibration constants, the relaxation modulus data obtained from
Table 4-2 was fitted to an equation combining Eq. 4.8 and a sigmoid function according
to the AASHTO 2002 Pavement Design Guide.
log( E (ξ (t )) = δ +

α
1 + e( β + γ (log t − ( −
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C1 (θ − θ 0 )
)
C2 + (θ − θ 0 )

(4.9)

where, α , β , γ , δ = regression coefficients. A non-linear equation data solver was used in
Microsoft Excel to get the all coefficient and constant values from the above equation.
Root mean square error between E (ξ (t ) and E (t , θ ) was set to minimum while solving
the equation. Table 4-3 shows the values of regression coefficients and calibration
constants for neat binder mix.

Table 4-3: Calculated regression coefficient and calibration constants for neat binder mix
master curve

θ0

C1

C2

β

α

γ

δ

21.1 17.1643808 151.032185 3.0319957 -0.7125503 0.47416323 1.31256302

Based on the values of Table 4-3 a master curve was plotted in Figure 4.7 for 21.10C
reference temperature.
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Figure 4.7: Calculated master curve for sample mixture
ABAQUS time dependent parameter
Time dependency in ABAQUS is accounted a through normalized modulus ratio.
The shear relaxation modulus, GR(t), was calculated from the obtained relaxation
modulus E(t) using the relationship
G R (t ) =

E (t )
1(1 + υ )

(4.10)
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where, υ = Poisson’s ratio. Poisson’s ratio for all asphalt mixtures was considered 0.35
and kept constant for all frequencies and temperatures. After calculating the shear
relaxation modulus, it was represented through a dimensionless form.
g R (t ) =

G R (t )
G0

(4.11)

where, g R (t ) = normalized shear modulus ratio; G0= instantaneous shear relaxation
modulus. Table 4-4 listed all the input viscoelatic model parameters for neat and
rubberized binder mix.

Table 4-4: Normalized shear modulus ratio against time for neat and rubberized binder
mix at 21.10 C temperature
Neat HWMA

Rubberized HWMA

t (sec)

gr(t)

t (sec)

gr(t)

t (sec)

gr(t)

t (sec)

gr(t)

2.57x10-4

0.7802

1

0.13912

2.95x10-5

0.7737

1

0.0813

6.43x10-4

0.7007

2.04647

0.11023

7.38x10-5

0.6847

1.1663

0.0774

1.29x10-3

0.6386

5.11618

0.08072

1.48x10-4

0.6193

2.9159

0.0573

6.43x10-3

0.4929

10

0.06381

7.38x10-4

0.4763

5.8319

0.0451

4x10-2

0.3383

10.2324

0.06329

7.37x10-3

0.3025

10

0.0373

6.43x10-2

0.3021

51.1618

0.03556

4x10-2

0.2033

29.1596

0.0252

1x10-1

0.2704

100

0.028

7.37x10-2

0.1736

100

0.0157

2x10-1

0.2247

511.618

0.01596

1x10-1

0.16

291.596

0.0102

6.43x10-1

0.1597

5116.18

0.00789

2x10-1

0.132

2915.96

0.004
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Elastic model parameters
Indirect tension resilient modulus test was used to measure the modulus of
elasticity of HWMA materials. In this study, each mixture was tested at three different
temperatures (40C, 21.10C and 37.80C). All specimens were compacted to 7 ± 1% air
voids according to AASHTO T 283.The height and diameter of the specimens were
selected as 75 ± 1 mm and 150 ± 1 mm respectively. A cyclic haversine load was applied
on the specimen for 0.1 seconds followed by a 0.9 second rest period. Modulus values
were determined based on the ASTM D 4123 testing procedures. The total resilient
modulus of the mixture was computed using the following equation,
MR =

P (υ + 0.2734)
tH

(4.12)

where, P = Repeated load in Newton; υ = Poisson’s ratio; t = thickness of specimen in
mm; H = recoverable horizontal deformation in mm. Two specimens were tested for each
mixture and the average resilient modulus values are presented in Table 4-5.

Table 4-5: Laboratory determined resilient modulus values for neat and rubberized
binder mix
Resilient modulus (MPa)
Temperature(0C)
Neat HWMA

Rubberized HWMA

4

15300

10300

21.1

9647

7350

37.8

3450

2980
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4.4 Sample Simulations and Results
Example 1: Modeling of dynamic modulus test and comparison
A two dimensional axisymmetric finite element model was developed in
ABAQUS 6.10 to simulate the laboratory dynamic modulus test conducted in AMPT. A
rotational symmetry was considered for loading and geometry along the Y-axis.
The modeled cylinder had 150 mm depth and 50 mm radius as shown in Figure
4.8. A vertically constrained displacement boundary condition was applied at the top face
to simulate the real experimental setup. The finite element mesh for axisymmetric
analysis was created using 8 node biquadratic axisymmetric quadrilateral elements. Mesh
element size along the XY plane was selected to be 3 mm x 2.5 mm. Because of
axisymmetric approximation, the total number of nodes in the model reduced to a great
extent compared to a 3D cylindrical model. As a result, computational time required was
also reduced.
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150 mm

50 mm

Z
R
CL
(a)

(b)

Figure 4.8: Axisymmetric model of cylindrical specimen (a) dimensions; and (b)
finite element mesh
A uniformly distributed pressure load was applied at the bottom of the cylinder in
vertical direction. Experimental haversine loading distribution data was collected from
the AMPT output file. However, a tabular amplitude stress profile was created for each
frequency according to the original experimental data and applied in step module.
A quantitative comparison was made between axisymmetric and 3D models with
respect to the number of nodes and computational time for a 10 cycle loading simulation
with 25 Hz loading frequency. The strain history comparison plot in Figure 4.9 shows the
unchanged response between the 3D and axisymmetric models.
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Figure 4.9: Axial microstrain time history plots for 3D and axisymmetric FE
model
Mesh sensitivity study
A mesh sensitivity study was conducted to ensure the accuracy of the FE model
and the convergence of the mesh size. Three different mesh sizes were employed in this
study. Relative element size of these meshes is shown in Figure 4.10. A Summary of
these three mesh schemes and run time required for an analysis of 20 loading cycles with
25 Hz loading frequency are summarized in Table 4-6.
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(a)

(b)

(c)

Figure 4.10: Three mesh types (a) coarse (b) fine (c) finer
Table 4-6: Mesh sensitivity analysis
Mesh

Mesh size

No. of

Run Time

case

(mm)

nodes

Coarse

6x5

279

240

355

Fine

3x2.5

1098

1020

897

Finer

1.5x1.25

4114

3960

3215

No. of elements
(sec)

The microstrain-time history plots of the last 10 cycles with the three mesh sizes
are presented in Figure 4.11. Comparison shows that the coarse, fine and finer meshes
coincide with each other perfectly. However, the finer mesh required three times more
computational time than the fine mesh and six times than the coarse mesh. Taking
consideration of accuracy and computational time, coarse mesh was selected in this study
for further analysis.
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Figure 4.11: Axial microstrain time history plots for coarse, fine and finer mesh
Dynamic modulus comparison between Neat and rubberized HWMA
In this study, FE simulation of the dynamic modulus test was done for each
frequency of both HWMA mixtures. Figure 4.12 shows the comparison of measured and
simulated strain history plots for rubberized binder mix at 210C temperature.
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Figure 4.12: Comparison between experimental and simulated strain history plot
for (a) 25 Hz; (b) 1 Hz frequency loading on LB rubberized binder mix at 21.10C
temperature
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Simulated plots for both the mixtures showed a good agreement with experimental plots.
The maximum difference in strain amplitude for 25 Hz loading frequency was observed
as 6% and 8% for neat binder and LB binder respectively.
Based on the simulated recoverable axial strain data, the dynamic modulus was
predicted for each frequency and compared with measured values in Figure 4.13. In
general, the FE model showed good agreement at higher frequencies but over predicted
dynamic modulus at lower frequencies. The FE model with viscoelastic material model
was capable of predicting the response of both neat and rubberized HWM asphalt,
especially at higher loading frequency. Inclusion of rubber in the mixture did not show
significant effect on the model predictability or viscoelastic nature of the mixture. The
same material model parameters were used later in the analysis of full scale pavement
structure to evaluate the rutting and fatigue responses.
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Figure 4.13: Measured and calculated dynamic modulus comparison for (a) neat
and (b) rubberized HWMA mixture
Dynamic modulus comparison between HMA, WMA and HWMA
A comparison study was also undertaken to check the dynamic modulus
predictability of the FE model with viscoelastic material model for HWMA mixture
compared to HMA and WMA mixtures. Three different asphalt mixtures (HMA, WMA
and HWMA) of same aggregate gradation and air void (8 %) were tested in the
laboratory using AMPT at three different temperature 4.40C, 21.10C and 37.80C. The
viscoelastic model parameters were calibrated using the laboratory dynamic modulus
results following the same procedure described before. FE simulations were conducted
for all three mixtures with corresponding viscoelastic and elastic model parameters. Table
4-7 and 4-8 presents the elastic and viscoelastic model parameters used in the FE
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analyses, respectively. Simulated dynamic modulus values were calculated for all three
mixtures and plotted with experimental data in Figure 4.14.

Table 4-7: Laboratory determined resilient modulus values for HMA, WMA and
HWMA mix
Resilient Modulus (MPa)
0

Temperature( C)
HMA

WMA

HWMA

4.4

12100

11700

11100

21.1

8500

8865

8250

37.8

4160

3400

3450
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Table 4-8: Normalized shear modulus ratio against time for HMA, WMA and HWMA
mix at 21.10 temperature
HMA
t (sec)
6.18E-05
7.72E-05
1.54E-04
3.09E-04
7.72E-04
1.54E-03
3.08E-03
7.72E-03
1.54E-02
0.04
0.05
0.1
0.2
0.5
1
2
2.27
2.84
5
5.68
10
11.37
28.44
56.88
113.76
284.41
568.83

gr(t)
0.8274
0.8056
0.7393
0.6753
0.5946
0.5367
0.4817
0.4139
0.3663
0.3064
0.2933
0.2548
0.2197
0.1783
0.1508
0.1264
0.1222
0.1152
0.0987
0.0952
0.0809
0.0779
0.0587
0.0468
0.0369
0.0264
0.0202

WMA
t (sec)
2.24E-04
2.80E-04
5.60E-04
1.12E-03
2.80E-03
5.60E-03
1.12E-02
2.80E-02
5.60E-02
0.04
0.05
0.1
0.2
0.5
1
2
2.24
2.81
5
5.62
10
11.24
28.1
56.21
112.43
281.09
562.18

gr(t)
0.7089
0.6867
0.6197
0.5559
0.4768
0.4212
0.3694
0.3069
0.2642
0.2845
0.2709
0.2316
0.1962
0.1552
0.1285
0.1052
0.1016
0.0949
0.0793
0.0764
0.0632
0.0607
0.0439
0.0338
0.0257
0.0174
0.0127
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HWMA
t (sec)
gr(t)
3.17E-04
0.7089
3.97E-04
0.6856
7.93E-04
0.6152
1.58E-03
0.5482
3.96E-03
0.4656
7.93E-03
0.4077
1.58E-02
0.3541
3.96E-02
0.2899
0.04
0.2894
0.05
0.2749
0.07
0.2465
0.1
0.233
0.2
0.1954
0.5
0.1523
1
0.1244
1.71
0.1053
2
0.1004
2.14
0.0981
4.29
0.078
5
0.0741
8.58
0.0612
10
0.0579
21.46
0.0434
42.93
0.0328
85.87
0.0244
214.69
0.0161
429.39
0.0115
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Figure 4.14: Measured and calculated dynamic modulus comparison for (a)
HMA; (b) WMA and (c) HWMA mixture
In higher frequency, all mixtures showed good agreement but in the case of lower
frequencies, HMA results showed a lower percentage of error compared to WMA and
HWMA mix. Not much difference was observed between WMA and HWMA. The
compaction and production temperature does affect the viscoelastic nature of the mix
especially at lower frequency.
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Example 2: Full scale modeling and comparison
Modeling procedure
A 3D finite element model was developed similar to the one described in Chapter
3 and used to investigate the effect of rubberized mixture on fatigue and rutting
performance under field condition. The material property of each layer was also kept the
same except SM layer. Calibrated viscoelastic parameters of rubberized and neat HWMA
mix were used for the SM layer. A 3D rolling tire was applied as shown in Chapter 3 to
simulate the tire loading.
Both longitudinal tensile strain at the bottom of the BM layer and the vertical
stress at the bottom of SM layer were compared between the neat and rubberized
mixtures because longitudinal tensile strain represents the potential of fatigue cracking
resulting from repeated vehicular loads and vertical compressive stress on the bottom of
SM layer are used to evaluate the primary rutting potential.
Longitudinal tensile strain comparison
Figure 4.15 shows the simulated longitudinal strain plot at the bottom of base mix
layer for the calibrated viscoelastic pavement material models in the 3D domain due to a
rolling tire load application.
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Figure 4.15: Longitudinal tensile strain comparison between pavement layers
made of neat and rubberized HWMA mixture
It can be seen that the FE model predicted maximum longitudinal strain as 116
microstrain for the neat HWMA as surface layer and 126 microstrain for the rubberized
HWMA surface layer. Although the numerical model predicted the rubberized mixture as
more susceptible to fatigue cracking than neat binder mixture, the difference between
maximum tensile strains for one cycle of vehicular loading is not much. So, a thickness
parametric study might be useful with rubberized and non-rubberized mixtures for
economical design.
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Vertical stress comparison
Similarly, Figure 4.16 shows the difference in simulated vertical stresses at the
bottom of pavement surface layer consisted of rubberized and neat binder mixture.
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Figure 4.16: Vertical stress comparison between pavement layers made of neat
and laboratory blended HWMA mixture
The peak stress value at the bottom of the SM layer was found slightly higher for
the rubberized mixture. The maximum stress for the neat binder and rubberized binder
were predicted as 805 kPa and 814 kPa, respectively. So, predicted results indicate
slightly higher rutting susceptibility for rubberized mixture after one cycle of load
application.
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4.5 Summary
This chapter discussed the material parameter calibration of rubberized HWMA
along with other neat binder mixes. The viscoelastic property of these mixtures was
calculated and calibrated from dynamic modulus tests done in the laboratory. The
dynamic modulus values were converted into a normalized shear relaxation modulus to
incorporate into the ABAQUS program. The temperature and time dependency was taken
into account from the master curve of relaxation modulus. The program internally
expresses the normalized modulus values as Pony series parameters. Elastic parameters
of asphalt mixtures were also measured from a resilient modulus test and input with the
viscous parameters. Results of FE simulation showed the predictability of the developed
viscoelastic FE model, especially at high loading frequencies. The same material
properties were also used in a full scale FE model to evaluate the performance of
rubberized and non-rubberized mixtures and predicted slightly better fatigue and rutting
performance for non-rubberized mixtures.
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CHAPTER 5

APPLICATION OF THE MODEL
5.1 Introduction
The 3D finite element pavement-rolling tire model with viscoelastic material
model was used to conduct parametric studies. The effect of design parameters such as
layer thickness, pavement temperature and vehicular speed were evaluated on maximum
tensile strain at the bottom of the BM layer (see Figure 3.2).

5.2 The effect of pavement temperature
Because of the viscoelastic nature of the asphalt mixture, flexible pavement
behavior strongly depends on temperature. With the increase of pavement temperature,
the modulus of the asphalt mixture decreases and subsequently maximum tensile strain at
asphalt layer increases. The temperatures of the surface and base layers made of neat PG
64-22 binder HWMA and rubberized (PG 64-22 binder) HWMA with 7% air voids were
varied as shown in Table 5-1. The geometric and material properties of other layers were
kept constant in this study (see Figure 5.2, Table 3-1, 3-2, 3-3, 3-4 and 3-5). The
temperature-longitudinal strain plots shown in below figures (Figures 5.1 and 5.2) were
generated to understand the effect of temperature in the computed longitudinal strain at
bottom of BM layer or fatigue resistance.
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Table 5-1: Selected pavement temperature profiles
Case No.

1

2

3

4.4

21.1

37.8

SM & BM
Temperature (0C)

Figure 5.1 shows the results of the temperature effect on tensile strain magnitude
for rubberized and neat HWMA mix (7% air void) layer. Similarly, Figure 5.2 depicts the
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temperature sensitivity for HMA, WMA and HWMA mix (8% air void) layers.
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Figure 5.1: Variation of maximum tensile strain with pavement temperature for
neat and rubberized HWMA mix layer
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Figure 5.2: Variation of maximum tensile strain with pavement temperature for
HMA, WMA and HWMA mix layer
An exponential relationship can be seen between temperature and maximum
tensile strain for all the mixtures. The slope of the increase of tensile strain becomes
steeper with an increase in temperature. Tensile strain of rubberized layer changes from
60.9 to 118.3 microstrain for the temperature change from 40C to 21.10C. A change of
temperature from 21.10C to 37.80C, changes the maximum tensile strain value from 118.3
to 281 microstrain. Based on this relationship, it is possible to determine the highest
temperature that the pavement can retain considering a threshold value of tensile strain
value.
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5.2 The effect of surface mix layer thickness
The effect of the thickness of the surface mix layer on the computed longitudinal
strain, which is directly related to the pavement damage, was investigated using the 3D
pavement-rolling tire model. The thickness of the surface layers made of neat PG 64-22
binder HWMA and rubberized (PG 64-22 binder) HWMA with 7% air voids were varied
as shown in Table 5-2. Material used for BM layer was same like SM layer in both the
cases. The geometric and material properties of other layers were kept constant in this
parametric study (see Table 3-1, 3-2, 3-3, 3-4 and 3-5). The thickness-longitudinal strain
plots were generated for these materials at 4.40 C, 21.10 C and 37.80 C temperature to
understand the effect of layer thickness in the computed longitudinal strain at different
temperatures.

Table 5-2: Analysis cases used in thickness study
Case No.

1

2

3

4

38

48

58

28

Surface layer thickness
(mm)

Figure 5.3a, 5.3b and 5.3c presents the surface layer thickness sensitivity for 40 C,
21.10 C and 37.80 C temperature, respectively. For all the cases, surface layer thickness
shows an opposite relationship with maximum tensile strain. For example, an increase in
rubberized binder mix layer thickness from 28 mm to 58 mm decreases the maximum
tensile strain value from 63.3 to 55.6 microstrain at 4.40C temperature. That means

81

tensile strain on the bottom of base mixture decreases about 12% for 30 mm increase of
surface layer thickness.
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Figure 5.3: Effect of Surface mix layer thickness on maximum tensile strain at (a)
4.4 C (b) 21.10C; and (c) 37.80C temperature for neat and rubberized HWMA mix layer
0

A similar layer thickness sensitivity study was also conducted for HMA, WMA
and HWMA mixture with 8% air void described in Chapter 4. Same thickness and
temperature cases were considered for each material model and results of the study were
presented in Figure 5.4 below.
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Figure 5.4: Effect of Surface mix layer thickness on maximum tensile strain at (a)
4.40C (b) 21.10C; and (c) 37.80C temperature for HMA, WMA and HWMA mix layer
Figure 5.4 shows similar layer thickness effect on tensile strain for HMA, WMA
and HWMA mixture like rubberized and neat mixture layer. The maximum tensile strain
at the bottom of base mix layer decreases with the increase of SM layer thickness for all
three temperatures. So the value of maximum tensile strain can be limited by increasing
the thickness of surface mix layer and an economical design can be developed with
optimum level of permanent deformation.

5.4 The effect of tire speed
Field-measured pavement response data from previous literature studies revealed
that the tire speed had a significant impact on pavement response. The effect of tire speed
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on the maximum longitudinal tensile strain at the bottom of the BM layer was analyzed
using the 3D rolling tire model. In addition to the 8 km/h tire speed used for validation,
three additional speeds considered in this section are: 24, 72, and 105 km/h. These speed
levels were analyzed at a fixed pavement temperature of 21.10 C. Surface and base layers
were made of neat PG 64-22 binder HWMA and rubberized (PG 64-22 binder) HWMA
with 7% air voids. The geometric and material properties of all other layers were kept
constant in this parametric study (see Figure 3.2, Table 3-1, 3-2, 3-3, 3-4 and 3-5). The
results of these analyses selecting neat and rubberized HWMA mixture as SM & BM
layer are shown in Figure 5.5.
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Figure 5.5: Effect of tire speed on maximum tensile strain for neat and rubberized
binder mixture at 21.10 C temperature
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Similarly Figure 5.6 presented below shows the tire speed sensitivity on the tensile strain
magnitude at the bottom of BM layer for SM and BM layers made of HMA, WMA and
HWMA (8% air void).
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Figure 5.6: Effect of tire speed on maximum tensile strain for HMA, WMA and
HWMA mix layer at 21.10 C temperature
These figures shows that the maximum tensile strains significantly increase as the
traffic speed decrease from 105 km/h to 8 km/h. The slope of maximum tensile straintraffic speed plot decreases with an increase in speed. The tensile strain of the rubberized
layer pavement decreases about 27 microstrain for an increase of tire speed from 8 to 24
km/h while the decrease is about 10 microstrain for a change of speed from 72 to 105
km/h. So, the tire speed has significant effect on pavement distress analysis.
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5.5 Summary
This chapter focused on the parametric studies using the viscoelastic rolling tire
model after it was validated and calibrated with reference experimental data. The
sensitivity of the maximum longitudinal strain to thickness value of surface mix layer,
temperature and traffic speed was investigated. The results show that the validated model
is a valuable tool for conducting fully mechanistic study to determine design parameters
for economical design.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusion
Although the mechanistic characterization of flexible pavement was started long
ago, it had some limitations. Development of an analysis procedure and tool which can
properly characterize pavement material and accurately predict pavement response due to
traffic loading has become a necessity. A dynamic finite element procedure was
developed in this study incorporating different material models (elastic and viscoelastic)
in both 2D and 3D simulation domain. The result of this study shows that elastic material
model does not characterize asphalt mixture accurately showing under predictions in
pavement response. On the other hand, the viscoelastic representation of asphalt mixture
improved the accuracy significantly. When comparing 2D and 3D simulation domains,
the 2D pavement analysis over predicts the pavement responses (strain). This may be due
to plane strain approximation used although the actual problem is 3D in nature. In this
study, dynamic movement of traffic load was accomplished in two different waysdistributed moving load and rolling tire application. It is observed that rolling tire model
predicts higher strain value compared to moving distributed load case. Finally, results of
this study justifies the importance of fully mechanistic characterization of pavement
structure and shows that a 3D viscoelastic FE model due to dynamic loading application,
accurately simulate pavement response.
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The time dependent stress-strain behavior of rubberized HWMA mixture was
represented using standard viscoelastic model available in ABAQUS. The model
parameters were determined from laboratory dynamic modulus test results. Results show
that the FE model slightly over predicted the dynamic modulus values for lower loading
frequencies. Percentage of error from simulation results increase with decrease in loading
frequency. Moreover, calculated percentage of error for HMA was lower than WMA and
HWMA mixtures. Calibrated viscoelastic parameters were than used in the validated
finite element full scale model and predicted slightly worse fatigue and rutting
performance for rubberized HWMA compared to neat HWMA. Parametric study of the
pavement layer thickness, temperature and traffic speed were also accomplished with the
3D rolling tire-pavement model. So, the developed full scale finite element model can be
used as a pavement design tool in practical field condition.

6.2 Recommendation
Experimental results show that the stress-strain behavior of asphalt mixture is
visco-elasto-plastic in nature. That is, the total deformation of an asphalt mixture can be
divided into four components: elastic, plastic, viscoelastic and viscoplastic and the stressstrain model should be able to take into account each component for accurate prediction.
The viscoelastic material model used in this study could not take account the permanent
strain. Although, based on the results, the model can predict the asphalt pavement
response up to a certain level, it is suggested to use an elastic visco-plastic material model
in the future to characterize the pavement response. Also, cracking and numerical damage

90

growth phenomena can be added to the finite element modeling procedure to compute the
damage induced response. Because the inclusion of rubber has some damping effect on
total mixture response, mastic microstructure modeling approach should also be
incorporated in the modeling procedure. Another important limitation of this study is the
inconsideration of non-uniform tangential contact stress due to tire-pavement interaction.
Only the application of an air inflated tire model into tire-pavement interaction can
simulate both realistic vertical and tangential contact stresses.
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